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Increased arterial stiffness is an impor- 
tant marker of increased left ventricu- 
lar load and an independent predictor 
of cardiovascular morbidity and mortality 
both in asymptomatic humans (1) and in 
disease including renal failure (2), hyper- 
tension (3), and diabetes (4). Increased 
aortic stiffness has been shown to be an 
independent predictor of 10-year mortal- 
ity in diabetic patients (5). 

Aortic stiffness is a marker of vascular 
age and is notably greater after the fifth 
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decade of life in healthy men and women 
(6,7). The main mechanism for age-related 
aortic stiffening is fracture and fragmen- 
tation of elastin fibers with repetitive 
stretch, leading to the transfer of stress 
to less extensible collagenous fibers in 
the arterial wall (8). Arterial-ventricular 
coupling is an important determinant of 
circulatory function (9). Aortic stiffness 
corresponds to a chronic increased after- 
load leading to concentric left ventricu- 
lar remodeling and hypertrophy and 



potentially heart failure (10). Age-related 
aortic changes are accelerated by cardio- 
vascular disease (CVD) and potentially 
modifiable cardiovascular risk factors in- 
cluding hypertension (11) and glucose 
status (12). Age and diabetes have been 
shown to lead to aortic stiffness through 
arterial wall glycation processes (13) that 
potentiate accelerated aortic alterations in 
younger individuals (12). 

The adverse impact of type 1 diabetes 
on the stiffness/distensibility of large ar- 
teries may depend on a number of factors, 
such as concurrent CVD risk factors, the 
presence of macrovascular or microvas- 
cular complications, and duration of di- 
abetes (5). Whether the degree of chronic 
glycemic control also affects distensibility 
is not known. A better understanding of 
factors that contribute to the develop- 
ment of a less distensible aorta in type 1 
diabetes may provide a useful start point 
to formulate strategies designed to im- 
prove arterial health. In this study, we 
used magnetic resonance imaging (MRI) 
to characterize aortic distensibility (14) in 
the Diabetes Control and Complications 
Trial (DCCT)/Epidemiology of Diabetes 
Interventions and Complications (EDIC) 
cohort of patients with type 1 diabetes 
(15). The DCCT/EDIC cohort is uniquely 
suited to evaluate risk factors that contrib- 
ute to decreased aortic distensibility in type 
1 diabetes because of its large sample size 
and long period of close patient follow-up. 

RESEARCH DESIGN AND 
METHODS 

Study sample 

The DCCT and its follow-up study, the 
EDIC study, have been previously de- 
scribed in detail ( 1 6 , 1 7) . In brief, between 
1983 and 1989, 1,441 patients (aged 13-39 
years) with type 1 diabetes were recruited 
to compare the effects of an intensive in- 
sulin therapy with conventional therapy 
on long-term complications. At baseline, 
all patients were free of history of CVD, 
hypertension, and hypercholesterolemia. 
DCCT participants were recruited into a 
primary prevention cohort with 1-5 years 
of diabetes duration and no retinopathy or 
microalbuminuria at baseline, or into a 
secondary intervention cohort with 1-15 
years of duration, minimal to moderate 
retinopathy, and albuminuria <200 mg 
per 24 h at baseline. After the DCCT, all 
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OBJECTIVE — To evaluate the relationship between long-term glycemia, traditional cardio- 
vascular disease (CVD) risk factors, and ascending aortic stiffness in type 1 diabetes. 

RESEARCH DESIGN AND METHODS— Eight hundred seventy-nine subjects in the 
Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and 
Complications (EDIC) study were evaluated. The stiffness/distensibility of the ascending thoracic 
aorta (AA) was measured with magnetic resonance imaging. Associations of AA distensibility and 
CVD risk factors, mean HbA lc , and cardiovascular complications including macroalbuminuria 
were assessed using multivariate linear regression models. 

RESULTS — The mean age of the subjects was 50 ± 7 years (47% women, mean diabetes 
duration of 28 years). Over 22 years of follow-up, 27% of participants had cardiovascular com- 
plications. After adjusting for gender and cohort, AA distensibility was lower with increasing age, 
mean systolic blood pressure, LDL, and HbA lc measured over an average of 22 years (—26.3% 
per 10 years, - 11.0% per 10 mmHg SBP, - 1.8% per 10 mg/dL of LDL, and -9.3% per unit 
mean HbA lc [%] , respectively). Patients with macroalbuminuria had 25% lower AA distensibility 
compared with those without (P < 0.0001). Lower AA distensibility also was associated with 
greater ratio of left ventricular mass to volume (—3.4% per 0.1 g/mL; P < 0.0001). 

CONCLUSIONS — Our findings indicate strong adverse effects of hypertension, chronic hy- 
perglycemia and macroalbuminuria on AA stiffness in type 1 diabetes in the DCCT/EDIC cohort. 
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patients were encouraged to continue or 
implement intensive therapy and returned 
to their own health care providers for on- 
going diabetes care. The EDIC study was 
designed as a prospective observational 
follow-up study of the DCCT cohort in 
1994. Ninety-six percent (1,375) of the 
surviving 1,428 participants joined the 
EDIC study and 1,301 participants were 
active in EDIC during years 14-16 at the 
time of the MRI examination. The study 
was approved by the Institutional Review 
Boards of all participating centers, and all 
subjects gave written informed consent. 

Study procedures 

During DCCT, participants underwent an 
annual medical history and physical ex- 
amination, electrocardiography, and lab- 
oratory testing for fasting lipid levels, 
serum creatinine values, and other risk 
factors for CVD (16). Glycated hemoglo- 
bin (HbA lc ) values were measured quar- 
terly during DCCT and annually during 
EDIC (18). During EDIC, the lipid profile 
and urinary albumin excretion rate were 
measured in alternate years (17). 
Weighted mean laboratory values over 
the study duration for 22 years were com- 
puted with weights proportional to the 
time interval between values because of 
differences in frequency of measurement 
during DCCT and EDIC. 

Hypertension was defined as blood 
pressure > 140/90 mmHg or use of antihy- 
pertensive medications (17). Hypercholes- 
terolemia was defined as LDL levels >130 
mg/dL or use of lipid-lowering medication. 

Assessment of diabetes complications 

All complications were cumulative from 
the beginning of DCCT to the current 
study except for neuropathy. CVD in- 
cluded clinical myocardial infarction 
(MI; nonfatal) or electrocardiogram 
(ECG)-diagnosed silent MI. To establish 
the occurrence of major cardiovascular 
events, medical records of participants 
including ECG findings and cardiac en- 
zyme levels were submitted for adjudica- 
tion to a committee masked to treatment 
group assignment, HbA lc , and glucose 
levels. Clinical MI events classified as def- 
inite are included in these analyses. Silent 
Mis were identified based on serial 
changes in Minnesota codes among all 
available ECGs during DCCT/EDIC as re- 
ported previously (19). ECGs were ob- 
tained at baseline, every 2 years during 
DCCT, at closeout of DCCT, and annually 
during EDIC. For the current study, reti- 
nopathy was defined as any proliferative 



diabetic retinopathy or worse. Nephrop- 
athy included sustained microalbuminu- 
ria, defined as urinary albumin excretion 
rate >30 mg/24 h at any two consecutive 
visits; macro albuminuria, defined as al- 
bumin excretion rate >300 mg/24 h at 
any visit; or end-stage renal disease (dial- 
ysis or kidney transplant). Neuropathy 
included cardiac autonomic neuropathy 
from autonomic nervous system testing 
and confirmed clinical neuropathy from 
nerve conduction testing at EDIC year 
13 or 14. Cardiovascular complications 
were defined as having clinical or silent 
MI, stroke, peripheral vascular disease, 
any proliferative diabetic retinopathy, or 
nephropathy (macroalbuminuria or end- 
stage renal disease). Macro vascular compli- 
cations were defined as having clinical/silent 
MI, stroke, or peripheral vascular disease, 
and microvascular complications were 
defined as having any proliferative dia- 
betic retinopathy, macroalbuminuria, 
end-stage renal disease, or autonomic 
neuropathy. 

Assessment of coronary artery 
calcium score and common carotid 
intima-media thickness 

Measurements of coronary artery calcium 
(CAC) score and common carotid intima- 
media thickness (IMT) have been de- 
scribed (20,21). In brief, CAC score was 
assessed and quantified from computed 
tomography scans performed between 
November 2000 and March 2003 at a sin- 
gle reading center (Harbor UCLA Research 
and Education Institute, Torrance, CA). 
CAC score was calibrated according to 
the readings of phantom using the Agatston 
score. Common carotid IMT was measured 
from a single longitudinal lateral view of the 
distal 10 mm of the right and left common 
carotid arteries performed between Octo- 
ber 1998 and November 2000 at a single 
reading center (Tufts Medical Center, Bos- 
ton, MA). The maximum IMT of the com- 
mon carotid artery was defined as the mean 
of the maximum IMT for near and far walls 
on both right and left sides. In both reading 
centers, readers were unaware of the sub- 
jects' clinical information. 

MRI 

MRI examination was performed for 
1,028 subjects at 27 centers between 
July 2007 and April 2009 with 1.5-T 
magnets, with the exception of one center 
that had a 3-T magnet (Espree or Avanto, 
Siemens Medical Systems, Erlangen, 
Germany; Intera, Philips Medical Systems, 
Best, the Netherlands; and Signa, GE 



Medical Systems, Waukesha, WI). Ante- 
rior and posterior surface coils were used 
for signal reception at all centers. 

Phase-contrast cine images of ascend- 
ing aorta (AA) were obtained in axial 
plane at the level of the right pulmonary 
artery with ECG gating (repetition time/ 
echo time, minimized; flip angle, 20 de- 
grees; field of view, 340 X 340 mm; ma- 
trix, 256 X 256; maximal velocity 
encoding, 150 cm/s, through plane; slice 
thickness, 8 mm; number of phases, 50; 
temporal resolution, 30 ms; and number 
of averages, 2). Supine brachial cuff blood 
pressure was measured immediately be- 
fore and after the MRI examination on 
the scanner gantry; the average of two 
measurements was used as the final blood 
pressure measurement. 

All aortic MRI studies were evaluated 
and quantified at the reading center 
(Johns Hopkins University, Baltimore, 
MD) using QFLOW software (version 
5.1; Medis, Leiden, the Netherlands). 
AA contours were traced at all phases of 
the cardiac cycle automatically after se- 
lecting the center point in the first image. 
Contours were checked and corrected 
manually if needed. Minimum and max- 
imum cross-sectional areas were deter- 
mined. AA distensibility was calculated as 
follows: [(maximum area — minimum 
area) / (minimum area X AP)] X 1,000, 
where AP is the pulse pressure (12,22). 
Pulse pressure (millimeters of mercury) 
was the difference between mean systolic 
and diastolic blood pressures in the scan- 
ner. Noninterpretable 149 scans were ex- 
cluded. Reasons for exclusion were 
missing series (2.8%) and anatomic local- 
ization errors (4.3%), low image quality 
(2.3%), and technical failure (5.0%) (Sup- 
plementary Figure 1). Quality-control 
measures included intrareader and inter- 
reader evaluations. MRIs of 87 partici- 
pants were read separately by two readers 
with an inter-reader intraclass correlation 
of 0.82 (95% CI, 0.74-0.88). Those MRIs 
also were reread by one reader with an 
intrareader intraclass correlation of 0.91 
(0.86-0.94). MRI analysts were blinded 
to other study data. 

Left ventricular mass, end-diastolic vol- 
ume, and ejection fraction were obtained 
from short-axis steady-state free-precession 
cine images with temporal resolution 30- 
50 ms as described previously (23). 

Statistical analysis 

Clinical characteristics of DCCT/EDIC 
participants, measured immediately be- 
fore or at the time of MRI scan, are 
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reported as mean ± SD or percentage. 
Groups of subjects were compared using 
Wilcoxon rank-sum tests for quantitative 
variables, and x 2 tests or Fisher exact test 
was used for categorical variables. 

The distribution of AA distensibility 
was skewed. A natural log transformation 
was used to obtain homoscedastic and 
approximately normal residual distribu- 
tion. The geometric mean of AA distensi- 
bility is presented. The association of AA 
distensibility with risk factors was as- 
sessed using multiple linear regression 
models. Models adjusted for age, gender, 
cohort (secondary intervention versus 
primary prevention), and machine type 
(Siemens versus Philips versus GE). All 
two-way interactions between covariates 
were assessed. The percent difference and 
percent change in AA distensibility were 
reported for binary and continuous var- 
iables, respectively. All analyses were 
performed using SAS software (version 
9.2; SAS Institute, Cary, NC). P < 0.05 
was considered statistically significant. 

RESULTS 

Study population 

Of the 1,028 DCCT/EDIC participants, 
879 (86.4%) had technically acceptable 
phase-contrast cine aorta MRI (Supple- 
mentary Fig. 1). Among the 879 subjects 
included in these analyses, the mean age 
at the time of the MRI examination was 
50 ± 7 years, 47% were female, and the 
mean diabetes duration was 28 ± 5 years. 
Fifty-one percent of the participants were 
hypertensive, 12% were current smokers, 
and 64% had hypercholesterolemia. 
Mean HbA lc was 8.0 ± 1.0%. Thirty- 
one percent of subjects had a nonzero 
CAC score and 7.4% of them had a CAC 
score >200. The mean common carotid 
IMT was 0.68 ± 0.13 mm; 3.4% of sub- 
jects had clinical or silent MI, 0.5% had 
stroke, 1.6% had peripheral vascular dis- 
ease, 20.7% had retinopathy, 9.9% had 
nephropathy with a history of macroalbu- 
minuria or end-stage renal disease, 72.6% 
of participants had no cardiovascular 
complications, 19.9% had only one car- 
diovascular complication, and 7.5% had 
two or more cardiovascular complica- 
tions (Table 1). 

The cardiovascular risk profiles of 
participants who had technically accept- 
able aorta MRIs were similar to those of 
those who agreed to undergo MRI, except 
they had slightly lower BMI (1.1 kg/m 2 
less) and less frequent history of clinical 
or silent MI (not shown). 



Table 1 — Clinical characteristics and diabetes complications among 879 EDIC participants 



Demographic characteristics and risk factors 


Value 


Attained age (years) 


50 ± 7 


Attained diabetes duration (years) 


27.6 ± 4.9 


Currently smoking (%) 


11.5 




Mean SBP (mmHg) 


118 ± 8 


Mean DBP (mmHg) 


74 ± 5 


Hypertension (%)* 


50.6 


Antihypertensive medication (%) 


41.6 


Mean total cholesterol (mg/dL) 


181 ± 24 






Mean LDL 


110 ± 21 






Hypercholesterolemia (%)t 


63.7 


Mean HbA lc (%) 


8.0 ± 1.0 


Diabetes complications:]: 


Macrovascular complications 


CVD (%) 


Clinical or silent MI 


3.4 






CAC score >0 (year 7-9) § 


30.8 


CAC score >200 (year 7-9)§ 


7.4 


Common IMT (year 12)% 


0.68 ± 0.13 


Peripheral vascular disease (%) 


Amputation or adjudicated peripheral vascular disease 


1.6 


Microvascular complications 


Retinopathy (%) 






Nephropathy (%) 


Macroalbuminuria/end-stage renal disease|| 


9.9 


Sustained microalbuminuria/end-stage renal disease** 


26.7 




Autonomic neuropathy$$ 


32.3 


Peripheral neuropathy §§ 


30.5 


Participants with 0 cardiovascular complications^ (%) 


72.6 


Participants with 1 cardiovascular complication (%) 


19.9 


Participants with >2 cardiovascular complications (%) 


7.5 






Participants with microvascular complications only 


38.6 





All values are mean ± SD unless noted otherwise. Unless otherwise noted, the values were measured immediately 
before or at the EDIC visit when MRI was performed. * Hypertension was defined as blood pressure > 140/90 
mmHg or use of antihypertensive medication; f hypercholesterolemia was defined as LDL levels > 130 mg/dL 
or use of lipid-lowering medication; $all diabetes complications were cumulative from DCCT to EDIC year 
14-16 except for neuropathy; §N = 809; %N = 766; ||albumin excretion rate >300 mg/24 h or end-stage renal 
disease; **albumin excretion rate >30 mg/24 h for two consecutive visits or end-stage renal disease; 
f f neuropathy data were obtained once at EDIC year 13-14; = 843; §§N = 832; %%all CVD complications 
were defined as having clinical/silent MI, stroke, peripheral vascular disease, any proliferative diabetic reti- 
nopathy, macro albuminuria, or end-stage renal disease; ||||macro vascular complications were defined as 
having clinical/silent MI, stroke, or peripheral vascular disease. Microvascular complications were defined as 
having any proliferative diabetic retinopathy, macroalbuminuria, end-stage renal disease, or autonomic 
neuropathy. 



AA distensibility in relation to age 

The geometric mean and standard de- 
viation of AA distensibility was 1.8 ± 
1.66 mmHg -1 . Age, gender, cohort, and 
machine type accounted for 22% of the 
variability in AA distensibility. AA 



distensibility showed a linear decrease 
with age (Fig. 1), with no gender differ- 
ence. AA distensibility was 26.3% less per 
10 years of older age after adjusting for 
gender, cohort, and machine type (95% 
CI, -29.5% to -22.9%; P < 0.0001) 
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(Table 2). The association between age 
and AA distensibility remained significant 
after further adjusting for other risk fac- 
tors (Table 3). 

Aortic distensibility in relation to 
CVD risk factors 

Table 2 describes the association of each 
CVD risk factor separately with AA dis- 
tensibility when adjusted for basic factors 
(age, gender, cohort, and machine type). 
There was no significant association of 
gender (P = 0.2836) or diabetes duration 
(P = 0.59) with AA distensibility. AA dis- 
tensibility was 11% and 1.8% lower per 
10-mmHg greater mean systolic blood 
pressure and per 10 mg/dL greater mean 
LDL. Mean HbA lc also was inversely as- 
sociated with AA distensibility ( — 9.3% 
lower per-unit increase in HbA lc ; 95% 
CI, —12 to —6.6). The geometric mean 
values of AA distensibility with HbA lc 
quartiles and stratified by age groups 
and by systolic blood pressure quartiles 
are in line with linear regression models 
(Supplementary Table 1A and B). Sub- 
jects with macroalbuminuria had 25% 
(95% CI, -32.4 to -17.8) less distensible 
aortas compared with those without mac- 
roalbuminuria. AA distensibility was 
14% less for participants who were smok- 
ers compared with those who were non- 
smokers (Table 2). 

Further analysis jointly adjusted for 
multiple factors (Table 3) confirmed these 
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findings with small changes in the magni- 
tude of covariate effects except for mean 
LDL, which became nonsignificant. Addi- 
tional adjustment for CVD complication 
score had little effect on regression coef- 
ficients (not shown). Also, there was a sig- 
nificant interaction between smoking and 
study cohort. AA distensibility was 20.8% 
less among smokers than nonsmokers 
within the secondary intervention cohort 
(P < 0.001), with no difference within the 
primary prevention cohort (P = 0.91). All 
associations remained significant after fur- 
ther adjustments for antihypertensive and 
lipid-lowering medication use in the model. 

Aortic distensibility in relation to 
left ventricular parameters and 
indices of atherosclerosis 

AA distensibility was 0.7% less per 1 g/m 2 
greater left ventricular mass and 3.4% per 
0.1 g/mL increment in left ventricular 
mass-to-end-diastolic volume ratio after 
adjusting for basic factors. These associa- 
tions remained significant with a decline 
in the magnitude of covariate effects after 
additional adjustments for systolic blood 
pressure, LDL, and mean HbA lc (—0.4% 
lower per 1 g/m 2 greater left ventricular 
mass; 95% CI, -0.7 to -0.2; -1.7% 
lower per 0.1 g/mL greater ratio of left 
ventricular mass to volume; 95% CI, 
-3.1 to -0.03). 

There was no significant association 
between AA distensibility and common 
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Figure 1 — The geometric mean of ascending aortic distensibility by age in patients with type 1 
diabetes of the EDIC study. 



carotid IMT or participants with nonzero 
CAC score compared with those with zero 
CAC score and left ventricular ejection 
fraction (Table 2). 

Aortic distensibility in relation to 
cardiovascular complications 

AA distensibility was lower with increas- 
ing number of CVD complications after 
adjusting for basic factors (age, gender, 
cohort, and machine type; P for trend 
< 0.0001). The decline in aortic distensi- 
bility was nonsignificant when we com- 
pared patients with one cardiovascular 
complication with patients with no com- 
plications, whereas it became significant 
when we compared patients with one 
complication with those with two or 
more complications (Fig. 2). 

The geometric mean of AA distensi- 
bility was significantly lower in patients 
with nonzero CAC score, CAC score 
>200, macroalbuminuria, or end-stage 
renal disease and neuropathy compared 
with those without (Table 4). After adjust- 
ing for basic factors, AA distensibility was 
10% lower in patients with macro vascular 
complications compared with those with- 
out, whereas it was not significantly dif- 
ferent when comparing participants with 
microvascular complications versus those 
with no complications and participants 
with macrovascular complications versus 
microvascular complications (Table 2). 

CONCLUSIONS— The DCCT/EDIC 
study is the first to evaluate AA distensi- 
bility in patients with type 1 diabetes 
using MRI. The main conclusions in our 
type 1 diabetes cohort are as follows: 1) 
AA distensibility was inversely propor- 
tional to age in a dose-related manner for 
both men and women; 2) elevated HbA lc 
levels, macroalbuminuria, and blood 
pressure measured over an average of 22 
years were each independently associated 
with lower AA distensibility; 3) patients 
with lower AA distensibility had higher 
left ventricular mass and ratio of end- 
diastolic mass to volume, confirming the 
deleterious role of increased left ventricu- 
lar afterload through arterial-ventricular 
coupling in patients with type 1 diabetes; 
and 4) AA distensibility was lower in pa- 
tients with type 1 diabetes who had a 
greater number of diabetic cardiovascular 
complications. 

Aortic stiffness increases substantially 
with advancing age in the general popula- 
tion (15,24). This association is indepen- 
dent of traditional CVD risk factors such 
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Table 2 — Minimally adjusted linear regression models of AA distensibility in 


i relation to individual CVD risk factors 




Covariate 


Model R 2 


(%) 


AAA distensibility (%) ± 95% CI* 


P 


Basic model* 










<0.0001 


Gender (males vs. females) 






-3.2 ± (-8.8 to 2.8) 


0.3 


Cohort (secondary intervention vs. 










Minimally adjusted risk factor modelst 
(basic model + 1 covariate) 


Smoking (yes vs. no) 


23 




-14.4 ± (-22.0 to -6.0) 


0.001 


Mean SBP (per 10 mmHg) 


25 




-11.0 ± (-14.4 to -7.4) 


<o.oooin 










0.01 


Mean HbA lc (per 1%) 


26 




-9.3 ± (-12.0 to -6.6) 


<o.oooit 


Albumin excretion rate >300 mg/24 h or end-stage renal 
disease (yes vs. no) 


25 




-25.3 + (-32.4 to -17.8) 


<0.0001f 


Minimally adjusted imaging parameter modelst 
(basic model + 1 covariate) 


Common IMT (per 1 mm)|| 


24 




-20.4 ± (-39.6 to 4.9) 


0.1 


CAC score (> 0 vs. 0)** 


23 




0.001 ± (-6.9 to 0.1) 


0.99 


LV mass index (per 1 g/m 2 ) 






-0.65 ± (-0.92 to -0.38) 


<0.0001 


LV mass/EDV ratio (per 0.1 g/mL) 






-3.4 ± (-4.5 to -2.1) 


<0.0001 




Minimally adjusted cardiovascular complication score 
models (basic model + 1 covariate) t 


24 


















2 complications vs. 1 complication 






-18.1 ± (-27.8 to -7.0) 


0.002 




Minimally adjusted macrovascular and microvascular 

complications score models (basic model + 1 covariate)t 


23 


















Microvascular complication vs. no complication 






-7.9 ± (-19.7 to 5.6) 


0.2 





SBP, systolic blood pressure; LV, left ventricular; EDV, end-diastolic volume. *Basic model was also adjusted for MRI machine type, f Minimally adjusted model, 
separate model for each covariate, also was adjusted for age, gender, primary vs. secondary cohort, and machine type. ^Because the natural log AA distensibility was 
used in these analyses, covariate effects on aortic distensibility are expressed as the percent difference in AA distensibility for binary variables; the percent changes in 
aortic distensibility for continuous variables are shown. ^[The |t| values were 2.47, 6.42 , and 5 . 78 for mean SBP, mean HbA lc , and albumin excretion rate >300 mg/24 h 
or end-stage renal disease, respectively. ||N = 766. **N = 809. 



as hypertension, diabetes, dyslipidemia, 
and smoking, suggesting the impact of 
the aging process itself and potential expo- 
sure to undefined nontraditional risk fac- 
tors. Increased aortic stiffness also is related 
to hypertension and smoking (15,25). Simi- 
lar to the general population, the EURODIAB 
study showed an association between 
age and pulse pressure (an indirect measure 
of arterial stiffness) in young type 1 diabetic 
individuals (mean age, 33 years) (26). 
Brandts et al. (25) reported a predominant 
contributive effect of hypertension on aor- 
tic stiffness in patients with type 1 diabetes 
by measuring aortic pulse wave velocity us- 
ing MRI. Giannattasio et al. (27) reported 
similar findings in type 1 diabetes by 
measuring abdominal aortic distensibility. 
The results of the current study instead in- 
dicate that smoking was associated with in- 
creased aortic stiffness beyond the effect of 



hypertension, but only in subjects who had 
development of microvascular complica- 
tions (i.e., the secondary prevention co- 
hort). This suggests that smoking may 
accelerate the development of aortic stiff- 
ness in type 1 diabetic patients in the pres- 
ence of core risk factors that are well-known 
to cause microvascular damage. 

Both aging and diabetes share some 
common pathophysiologic pathways for 
aortic stiffening, in part through forma- 
tion of nonenzymatic glycosylation of 
proteins (glycation) (13). In addition to 
glycation, poor glycemic control acceler- 
ates the risk of vascular complications in 
type 1 diabetes, possibly by generating 
oxidative stress and an inflammatory 
response (28,29). These mechanisms sup- 
port the concept of accelerated physiologi- 
cal aging of the cardiovascular system in 
diabetes. Previous studies supported the 



same concept by showing elevated arterial 
stiffness in patients with type 1 diabetes 
compared with nondiabetic controls in 
studies with small sample sizes using a va- 
riety of methods, including pulse wave 
analysis, echo-tracking techniques by ultra- 
sound, and aortic pulse wave velocity by 
MRI (27,30-32). We previously reported 
higher aortic distensibility in nondiabetic 
individuals of similar age (mean, 2.25 
mmHg -1 ) than that observed in the cur- 
rent study of patients with type 1 diabetes 
(mean, 1.8 mmHg -1 ) (7). In contrast, 
smaller studies (25,33) reported no differ- 
ence between aortic stiffness and age in pa- 
tients with diabetes (30 subjects with a 
mean age of 26 years and 20 subjects 
with a mean age of 48 years, respectively). 
However, the current study is more defin- 
itive regarding the distribution of proximal 
aortic distensibility in type 1 diabetes, 
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Table 3 — Multivariate linear regression model of AA distensibility in relation to composite 
CVD risk factors 





AAA distensibility 




Covariate 


± 95% CI* 


P 


Model R 2 


29% 




Gender (males vs. females) 


1.2 ± (-4.7 to 7.5) 


0.7 


Age (per 10 years) 


-25.8 ± (-29.0 to -22.4) 


<0.0001 


Mean SBP (per 10 mmHg) 


-8.4 ± (-11.9 to -4.6) 


<0.0001 


Mean HbA lc (per 1%) 


-6.2 ± (-9.1 to -3.2) 


<0.0001 


Macro albuminuria (yes vs. no)t 


-14.3 ± (-22.9 to -4.8) 


0.004 


Cohort by smoking interaction 




0.01 


Cohort effect within smokers (2 df) 




0.02 


Secondary vs. primary among smokers 


-21.4 ± (-33.6 to -6.9) 


0.005 


Secondary vs. primary among nonsmokers 


-1.4 ± (-7.3 to 4.8) 


0.7 


Smoking effect within cohort (2 df) 




0.002 


Smoking vs. nonsmoking among secondary 


-20.8 ± (-30.3 to -10.0) 


0.0004 


Smoking vs. nonsmoking among primary 


-0.7 ± (-12.6 to 12.8) 


0.9 



Multivariate model was also adjusted for MRI machine type, df, degrees of freedom; SBP, systolic blood 
pressure. * Because the natural log AA distensibility was used in these analyses, covariate effects on aortic 
distensibility are expressed as the percent difference in AA distensibility for binary variables; the percent 
changes in AA distensibility for continuous variables are shown, f Albumin excretion rate >300 mg/24 h or 
end-stage renal disease. 



encompassing 879 subjects who have been 
comprehensively studied for > 20 years. 

The single time point estimate of 
HbA lc was not associated with aortic stiff- 
ness as shown in the EURODIAB prospec- 
tive diabetes complications study (34). In 
the current study, we calculated the mean 
HbA lc value over an average of 22 years. 
We found that AA distensibility is lower 
in subjects who have greater mean HbA lc 
levels. The DCCT/EDIC study has 



established the role of hyperglycemia in 
the development and progression of mi- 
crovascular complications and CVD 
events (35,36). We found that proximal 
aortic function is adversely affected in pa- 
tients with a long history of hyperglyce- 
mia with type 1 diabetes mellitus. 
Interestingly, we found no independent 
association between imaging biomarkers 
of atherosclerosis such as carotid IMT and 
CAC and AA distensibility, suggesting 




1.2 



>2 



Cardiovascular Complication Scores* 



Figure 2 — The geometric mean of ascending aortic distensibility by cardiovascular complication 
scores in patients with type 1 diabetes of the EDIC study. 



that AA distensibility is not simply a sur- 
rogate measure of atherosclerotic bur- 
den but rather an integrative measure 
of large artery alterations strongly influ- 
enced by glucose control in patients with 
diabetes beyond the anticipated effects of 
age, blood pressure, and other atheroscle- 
rosis risk factors. 

Because of the coupling of ventricular 
and aortic function, the left ventricle 
compensates for the decline in arterial 
elasticity by adverse concentric remodel- 
ing (37). This same pathophysiology is 
present in individuals with long-standing 
hypertension (37) and early chronic kid- 
ney disease (38). In the EDIC cohort, re- 
duced aortic distensibility also was related 
to adverse concentric remodeling (in- 
creased left ventricular mass-to-volume 
ratio) in adjusted models. The coupling 
of arterial stiffness and ventricular con- 
centric remodeling may contribute to 
greater cardiovascular morbidity and 
mortality in patients with type 1 diabetes. 
Therapies that help preserve aortic func- 
tion thus also may prove beneficial to left 
ventricular geometry and function and 
may reduce adverse events in diabetic 
patients. 

Greater aortic stiffness was associated 
with an increased incidence of cardiovas- 
cular complications in our study. This 
finding is in line with previous studies 
reporting more pronounced stiffening in 
patients with diabetes complications such 
as microalbuminuria, retinopathy, or 
neuropathy (27,39,40) and parasympa- 
thetic function in women only (41). In- 
creased cardiac output and excessive 
pressure pulsatility associated with diabe- 
tes may impair microvascular function, 
but adverse effects of aortic stiffening on 
microvascular function also may contrib- 
ute to the pathogenesis of diabetes-related 
vascular disease. Specifically, the loss of 
pulsatile flow damping by the proximal 
aorta may result in increased structural 
and functional microvascular damage, 
particularly in the heart, brain, retina, 
and kidney. Recent studies have shown 
the beneficial effect of aerobic exercise in 
reversing aortic stiffness in older adults 
with type 2 diabetes and hypertension 
(42). However, further studies are needed 
to further define the implications of these 
relations in diabetes and to determine 
whether interventions aimed at prevent- 
ing or reversing arterial stiffening will pre- 
vent the morbidity associated with 
damage in microvascular beds of major 
target organs. 
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Table 4 — Geometric mean of AA distensibility by diabetes complications 





With complications 


Without complications 




Complications 


(mrnHg" 1 ) 


(mrnHg" 1 ) 


P 


Macrovascular complications 


Cardiovascular disease 


Clinical or silent MI (%) 


1.7 


1.8 


0.3 










CAC score >0 (year 7-9) (%) 


1.6 


1.9 


<0.001 




Peripheral vascular disease 


Amputation or adjudicated 
















Microvascular complications 




Proliferative diabetic retinopathy 








or worse (%) 


1.7 


1.9 


0.06 




Macroalbuminuria/end-stage 








renal disease (%) 


1.5 


1.9 


<0.001 


Sustained microalbuminuria/ 


Neuropathy 


Autonomic neuropathy (%) 


1.6 


2.0 


<0.0001 


Peripheral neuropathy (%) 


1.6 


1.9 


<0.0001 



Study limitations 

Patients in DCCT/EDIC were highly mo- 
tivated and were knowledgeable about 
their disease condition. They have been 
followed up for >22 years and closely 
monitored by trained experts, which 
may have limited generalizability of re- 
sults to the general population with type 
1 diabetes. During study period, the 
number of deaths (overall 70 deaths, 17 of 
them attributable to CVD) was low. Ad- 
ditionally, blood pressure that was used 
for the calculation of pulse pressure was 
measured noninvasively in the brachial 
artery. Although these measurements 
were used as approximations of the cen- 
tral pressure, previous studies have indi- 
cated that such measures are usable (43). 
The average of two measurements of 
blood pressure inside the magnet was per- 
formed to minimize variability. Aorta 
MRIs were acquired with free breathing 
to increase the spatial and temporal reso- 
lutions. However, this caused blurring of 
images in some subjects, resulting in rel- 
atively higher rates of technical failure in 
image analysis and exclusion from analy- 
sis (5%). Finally, this cross-sectional 
study cannot assess temporality or prove 
causality. 

In conclusion, age, blood pressure, 
elevated mean HbA lc levels, and ne- 
phropathy were independently associated 
with lower AA distensibility in type 1 



diabetic patients. These findings indicate a 
strong role of hyperglycemia and macro- 
albuminuria in central arterial function 
that may contribute to other end-organ 
damage. 
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